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P A I N

Decreased abundance of TRESK two-pore domain 
potassium channels in sensory neurons underlies the 
pain associated with bone metastasis
Yue Yang1,2*, Song Li1,2*, Zi-Run Jin1,2*, Hong-Bo Jing1,2*, Hong-Yan Zhao1,2, Bo-Heng Liu1,2, 
Ya-Jing Liang3, Ling-Yu Liu1,2, Jie Cai1,2, You Wan1,2, Guo-Gang Xing1,2,4†

Cancer-associated pain is debilitating. Understanding the mechanisms that cause it can inform drug development 
that may improve quality of life in patients. Here, we found that the reduced abundance of potassium channels 
called TRESK in dorsal root ganglion (DRG) neurons sensitized nociceptive sensory neurons and cancer-associated 
pain. Overexpressing TRESK in DRG neurons suppressed tumor-induced neuronal hyperexcitability and pain hy-
persensitivity in bone metastasis model rats, whereas knocking down TRESK increased neuronal hyperexcitability 
and pain hypersensitivity in normal rats. Mechanistically, tumor-associated production of vascular endothelial 
growth factor (VEGF) activated the receptor VEGFR2 on DRGs, which increased the abundance of the calcineurin 
inhibitor DSCR1, which, in turn, decreased calcineurin-mediated activation of the transcription factor NFAT, 
thereby reducing the transcription of the gene encoding TRESK. Intrathecal application of exogenous calcineurin 
to tumor-bearing rats rescued TRESK abundance and abrogated both DRG hyperexcitability and pain hypersensi-
tivity, whereas either inhibition or knockdown of calcineurin in normal rats reduced TRESK abundance and in-
creased DRG excitability and pain sensitivity. These findings identify a potentially targetable mechanism that may 
cause bone metastasis–associated pain in cancer patients.

INTRODUCTION
Pain associated with cancer, particularly when tumors metastasize 
to bone, is often severe and debilitating (1). Mechanisms that under-
lie cancer-associated pain are elusive. Previously, we and others have 
reported that the sensitization of dorsal root ganglion (DRG) neu-
rons contributes to the pathogenesis of bone metastasis–associated 
pain (2, 3). TWIK-related spinal cord potassium channel (TRESK, 
also known as KCNK18 or K2P18.1) is a member of the two-pore 
domain potassium (K2P) channels, mediates major background 
currents in primary afferent neurons (4–6), and regulates neuronal 
excitability in both normal and disease states (5, 7). Expression 
of mutant TRESK subunits increases (8), whereas overexpression 
of wild-type subunits reduces the excitability of trigeminal gang-
lion neurons (9). DRG neurons from TRESK functional knockout 
(“TRESK[ko]”) mice exhibit decreased background K+ currents 
and increased neuronal excitability relative to TRESK wild-type 
(“TRESK[wt]”) mice (5). Spike frequency is attenuated in TRESK[wt] 
neurons but is augmented in TRESK[ko] neurons in response to the 
inflammation mediator lysophosphatidic acid (10). In animal mod-
els of neuropathic and inflammatory pain, TRESK abundance and 
TRESK-mediated background currents are decreased, and the ex-
citability of DRG sensory neurons are enhanced (7, 11). TRESK 
gene (Kcnk18) silencing by RNA interference increases animals’ 
sensitivity to painful stimuli (7), whereas TRESK overexpression in 
DRG neurons attenuates nerve injury–induced mechanical allodynia 

in rats (12). These findings suggest that TRESK channels have a criti-
cal role in nociceptor excitability.

The TRESK channel is activated in response to cytoplasmic cal-
cium signals by the calcium/calmodulin-dependent protein phos-
phatase called calcineurin (13–15). Calcineurin is anchored to a 
nuclear factor of activated T cells (NFAT)–like PQIIIS motif of hu-
man TRESK (PQIVID in the mouse protein) under resting condi-
tions; in response to increased cytoplasmic calcium, it binds to the 
LQLP motif, which activates the channels by the dephosphorylation 
of the regulatory regions (6, 13, 16, 17). Peripheral nerve injury may 
cause apparently antagonistic functions of calcineurin to work in 
concert (18, 19) and then reduce the TRESK abundance (20). Loss 
of calcineurin in the spinal dorsal horn contributes to nerve injury–
elicited neuropathic pain, which can be rescued by exogenous ad-
ministration of calcineurin (21–23). Calcineurin is also a nociceptor 
modulator (20); activation of calcineurin reportedly might relieve 
pain by enhancing TRESK-mediated currents (24). In contrast, cal-
cineurin inhibitors can induce severe pain hypersensitivity both in 
organ transplant patients (25–28) and in animal models (29, 30), 
which is proposed to be at least partly due to an associated reduc-
tion in TRESK currents (20, 31).

The endogenous calcineurin inhibitor DSCR1 (Down syndrome 
candidate region 1), also known as a regulator of calcineurin 1 (RCAN1), 
has been shown to be induced by vascular endothelial growth factor 
(VEGF) in a negative feedback loop to limit the calcineurin- NFAT 
signaling activity (32–37). In addition, VEGF–vascular endothelial 
growth factor receptor 2 (VEGFR2) signaling is also implicated in 
the pathogenesis of neuropathic pain (38). The proangiogenic factor 
VEGF-A165 sensitizes peripheral nociceptive neurons and increases 
the mechanical hypersensitivity to rats in a VEGFR2-dependent 
manner (39, 40). VEGF also contributes to cancer-associated pain 
by activating VEGFR1 in sensory neurons (41). We hence hypothe-
sized that the cancer-associated VEGF signaling–induced negative feed-
back inhibition of the calcineurin-NFAT signaling may subsequently 
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decrease TRESK channel abundance in DRG neurons, thereby pro-
moting cancer-associated pain. We explored this hypothesis using 
mammary rat metastasis tumor (MRMT-1) cells in a model of met-
astatic bone pain.

RESULTS
Decreased abundance of TRESK channels in DRG neurons is 
associated with increased pain sensitivity in bone 
metastasis model rats
To determine whether decreased TRESK channels in DRG neurons 
is responsible for the nociceptor sensitization and cancer pain de-
velopment, we first examined the alterations of TRESK abundance, 
at the protein and messenger RNA (mRNA) levels, in ipsilateral 
L4/5 DRGs from rats 14 days after surgical implantation of rat 
breast carcinoma MRMT-1 cells into the tibial bone cavity (hereaf-
ter referred to as bone metastasis model rats or bone lesion–bearing 
rats). Using immunofluorescence staining and Western blotting, we 
found a substantial decrease in mean TRESK abundance in these 
neurons from tumor-bearing rats compared with controls (Fig. 1, 
A to C). Using real-time quantitative PCR (RT-qPCR), we saw a con-
comitant and substantial decrease in TRESK mRNA abundance 
(Fig. 1D). Moreover, despite no change in the frequency of TRESK 
expression among various types of DRGs, we calculated a signifi-
cant reduction of TRESK immunofluorescence intensity in all types 
of neurons from MRMT-1–bearing rats relative to those from con-
trols (fig. S1, A to C). The specificity of TRESK antibody was verified 
by using immuno cytochemistry and Western blot, including a neu-
tralizing peptide-blocking experiment with TRESK-transfected and 
nontransfected human embryonic kidney (HEK) 293 cells, which do 
not express endogenous TRESK (fig. S2).

Next, we examined the alterations of TRESK-mediated currents 
in nociceptive DRG neurons from bone metastasis model rats. 
TRESK currents were recorded on both IB4+ and IB4−, small DRG 
neurons, which were acutely dissociated from the ipsilateral L4/5 
DRGs during days 14 to 18 after surgery. In IB4+ DRG neurons, we 
observed a significant reduction of both the total background potas-
sium currents (IKBG) measured at +60 mV of a ramp voltage proto-
col and of the TRESK-containing standing outward potassium 
current (IKSO) measured at −25 mV of a depolarizing step voltage 
protocol in tumor-bearing rats (Fig. 1, E and F). To further dissect 
currents through TRESK channels, we measured the percentage 
of outward currents that was sensitive to lamotrigine (a TRESK in-
hibitor) as described in previous studies (42). We found that the 
fraction of lamotrigine-sensitive currents was reduced in bone lesion– 
bearing rats at both the ramp voltage protocol and the depolarizing 
step voltage protocol (Fig. 1, G and H). Similarly, in IB4− DRG neu-
rons, a significant decrease of TRESK currents was also observed in 
the ipsilateral L4/5 DRG neurons in the tumor-bearing rats (fig. S3, 
A and B). The fraction of lamotrigine-sensitive currents at both the 
voltage ramp and depolarizing step protocols was similarly declined 
in bone lesion–bearing rats (reduced by ~64 and ~45.7%, respec-
tively; fig. S3, C and D).

Furthermore, we assessed spontaneous pain and its association 
with TRESK alteration in rats after tumor cell inoculation (Fig. 1, I 
to L). As expected, bone lesion–bearing rats exhibited robust behaviors 
associated with spontaneous pain, including a significant increase 
both in the number of flinches and in the time spent guarding on 
day 14 after surgery (Fig. 1, I and K). The correlation analysis be-

tween TRESK protein abundance and flinching (r44 = −0.54) or be-
tween TRESK protein abundance and guarding (r45 = −0.48) re-
vealed that the TRESK abundance in the DRG was negatively 
correlated with spontaneous pain development in bone lesion–
bearing rats (Fig. 1, J and L).

Overexpression of TRESK channels in DRG neurons reduces 
neuronal hyperexcitability and attenuates pain 
hypersensitivity in bone lesion–bearing rats
To further validate that the reduction of TRESK channels in DRG 
neurons underlies the pathogenesis of bone metastasis–associated pain, 
we examined the effects of TRESK overexpression on DRG neurons’ 
excitability and pain sensitivity in bone lesion–bearing rats. Using 
immunofluorescence staining either of cultured DRG neurons after 
48 hours of transfection with lentivirus expressing TRESK linked 
with ZsGreen (LV-TRESK) or of DRG tissues obtained from bone 
lesion–bearing rats on day 7 after intrathecal injection of LV-TRESK, 
we observed a prominent increase in the mean fluorescence in-
tensity of TRESK immunostaining in LV-TRESK–infected DRG 
neurons in both the culture (~2.7-fold) and in situ (~2.1-fold) con-
texts compared with controls (fig. S4). Moreover, using Western 
blotting, we also found increased TRESK protein abundance in the 
LV-TRESK–infected DRGs (Fig. 2A). Meanwhile, the current density 
(in pA/pF) of both total background currents IKBG and TRESK- 
containing IKSO was increased in LV-TRESK–infected IB4+ DRG 
neurons (Fig. 2, B and C) and IB4− DRG neurons (fig. S5, A to D).

In line with the functional augmentation of TRESK channels by 
LV-TRESK, we found a substantial decrease in bone lesion–induced 
neuronal hyperexcitability in LV-TRESK–infected DRG neurons. 
The increase in action potential (AP) numbers (spikes per second) 
in DRG neurons from bone lesion–bearing rats was significantly 
inhibited by intrathecal injection of LV-TRESK (Fig. 2, D and E, 
and fig. S5E). In addition, intrathecal delivery of LV-TRESK re-
versed the depolarized RMP and the reduced rheobase in the ipsi-
lateral L4/5 DRG neurons of bone lesion–bearing rats (Fig. 2, F and 
G, and fig. S5, F and G).

The behavioral studies showed that overexpression of TRESK 
also alleviated the tumor-induced pain hypersensitivity in bone 
lesion–bearing rats. The decreased paw withdrawal threshold (PWT) 
to mechanical stimuli was significantly abrogated by intrathecal in-
jection of LV-TRESK in MRMT-1 tumor-bearing rats 20 days after 
surgery (Fig. 2H). In contrast, intrathecal LV-TRESK in sham rats 
had no significant effect on animals’ pain sensitivity (Fig. 2, H and 
I). Likewise, the increased spontaneous pain behaviors including 
flinching and guarding in tumor-bearing rats were significantly al-
leviated after intrathecal injection of LV-TRESK (Fig. 2, J and K). 
These results revealed that overexpression of TRESK in DRG neurons 
could effectively inhibit the tumor-induced neuronal hyperexcitabili-
ty and pain hypersensitivity in bone lesion–bearing rats, suggesting 
that the reduction of TRESK channels in DRG neurons is involved in 
the pathogenesis of bone metastasis–associated pain.

Knockdown of TRESK channels in DRG neurons enhances the 
neuronal excitability and produces pain hypersensitivity in 
normal rats
Furthermore, we investigated whether knockdown of TRESK chan-
nels in DRG neurons using TRESK small interfering RNA (siRNA) 
could affect the neuronal excitability and pain sensitivity in normal 
rats. The specificity of TRESK siRNA was validated by RT-qPCR assay, 
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Fig. 1. Reduction of functional TRESK 
channels in DRG neurons and its 
association with pain in bone lesion– 
bearing rats. (A and B) TRESK immuno
fluorescence staining in ipsilateral L4/5 
DRG neurons from naïve, phosphate 
buffered saline (PBS)–injected, or bone 
localized MRMT1 tumorbearing rats. 
Representative images (A) and a sum
mary for the mean fluorescence in
tensity of TRESK immunostaining (B) 
are shown. n = 224 to 230 cells (from 
six rats) per time point per group. Two 
way analysis of variance (ANOVA) fol
lowed by Bonferroni post hoc test: 
F3,1818 = 116.2, ***P < 0.001. (C and D) 
TRESK protein (C) and mRNA (D) 
abundance in the cells described in 
(A). n = 6 to 7 rats per time point per 
group. Twoway ANOVA followed by 
either Bonferroni post hoc test, F3,40 = 
4.21 (C), or oneway ANOVA followed 
by Tukey post hoc test, F2,16 = 20.54 
(D), ***P < 0.001. N, naïve; P, PBS; M, 
MRMT1. (E and F) Representative TRESK 
current traces and a summary for the 
current density of both the total back
ground currents (IKBG) measured at 
+60 mV of a ramp voltage protocol (E) 
and the TRESKcontaining IKSO mea
sured at −25 mV of a depolarizing step 
voltage protocol (F) in isolection B4–
positive (IB4+) ipsilateral L4/5 DRG 
neurons from naïve, PBS, or tumor 
bearing rats. n = 25 to 34 cells (8 to 
10 rats) per group. Oneway ANOVA 
followed by Tukey post hoc test: F2,79 =  
11.61 for IKBG and F2,83 = 12.18 for IKSO; 
***P < 0.001, ###P < 0.001 versus the 
corresponding naïve and PBS group, 
respectively. (G and H) The fraction of 
lamotrigine sensitive currents in the 
cells described in (E) and (F). Repre
sentative current traces and a summary 
are shown. Currents were recorded in 
the presence of lamotrigine (100 M) 
by the ramp voltage protocol (G) and 
the depolarizing step voltage protocol 
(H) as described in (E) and (F). n = 14 
to 17 cells (from 8 to 10 rats) per group. 
Oneway ANOVA followed by Tukey 
post hoc test: F2,44 = 7.27 for IKBG; F2,44 = 
7.12 for IKSO; **P < 0.01, ##P < 0.01 ver
sus the corresponding naïve and PBS 
group, respectively. (I to L) Correla
tion analysis between TRESK protein 
abundance and spontaneous pain be
haviors in bone cancer rats. Sponta
neous flinching (I) and guarding (K) 
behaviors were video recorded to as
sess the spontaneous pain in bone 
lesion–bearing rats (n = 11 to 12 rats 
per group). Twoway ANOVA followed by Bonferroni post hoc test: F6,128 = 14.52 for flinching; F6,124 = 17.94 for guarding; ***P < 0.001. (J) Correlation between flinching 
and TRESK protein abundance (r44 = −0.54, P = 0.0001). (L) Correlation between guarding and TRESK protein abundance (r45 = −0.48, P = 0.0007). The data of TRESK protein 
abundance in (J) and (L) are derived from the Western blot results shown (C).
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Fig. 2. Effects of TRESK overexpression on the tumor- 
induced reduction of functional TRESK channels, 
DRG neuron hyperexcitability, and pain hypersen-
sitivity in bone cancer–bearing rats. (A) TRESK protein 
abundance in ipsilateral L4/5 DRGs of MRMT1 tumor 
bearing rats after intrathecally administered LVTRESK. 
n = 6 rats per group. Twotailed unpaired t test: t10 = 
4.57, ***P < 0.001. (B and C) TRESKcontaining currents 
in ipsilateral L4/5 DRG neurons in bone cancer–bearing 
rats after LVTRESK application. Shown are representa
tive current traces and a summary for the current density 
of both the total background currents (IKBG) measured 
at +60 mV of a ramp voltage protocol (B) and the TRESK 
containing IKSO measured at −25 mV of a depolarizing 
step voltage protocol (C) in IB4+ DRG neurons. n = 35 
to 38 cells from 12 to 14 rats per group. Twotailed un
paired t test: t71 = 8.92 for IKBG, t71 = 8.98 for IKSO, ***P < 
0.001. (D to G) Effects of intrathecal (i.t.) LVTRESK on 
the tumorinduced neuronal hyperexcitability in ipsi
lateral L4/5 DRG neurons of bone cancer–bearing rats. 
Representative traces of APs (D) and a summary for the 
spike number (E), the resting membrane potential (RMP) 
(F), and the rheobase for eliciting AP (G) in IB4+ DRG 
neurons are shown. n = 19 to 26 cells from six to eight 
rats per group. Oneway ANOVA followed by Tukey post 
hoc test: F3,79 = 6.27 for the AP numbers; F3,86 = 20.97 
for the RMP; F3,88 = 20.31 for the rheobase; *P < 0.05, 
**P < 0.01, ***P < 0.001. (H and I) Effects of intrathecal 
LVTRESK on the tumorinduced decrease in the PWT 
to mechanical stimuli (H) and the paw withdrawal 
latency (PWL) to thermal stimulation (I) in bone lesion–
bearing rats. n = 8 to 12 rats per group. Twoway ANOVA 
followed by Bonferroni post hoc test: F25,335 = 5.65 for 
PWT; F25,339 = 2.07 for PWL; ***P < 0.001, #P < 0.05, ###P < 
0.001 versus the corresponding PBS and LVZsGreen 
group, respectively. (J and K) Effects of intrathecal LV
TRESK on the tumorinduced spontaneous pain in bone 
metastasis model rats. Flinching (J) and guarding (K) 
behaviors were video recorded to assess the sponta
neous pain. n = 9 to 12 rats per group. Twoway ANOVA 
followed by Bonferroni post hoc test: F3,76 = 2.43 for 
flinching; F3,80 = 2.75 for guarding; *P < 0.05, **P < 0.01 
versus the corresponding LVZsGreen group.
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and the results demonstrated that, except for TRESK mRNA (de-
creased by ~73%; Fig. 3A), this siRNA could not reduce the abun-
dance of mRNA encoding other K2P channels, including TWIK-related 
acid-sensitive potassium channel-1 (TASK1), TASK3, TWIK-related 
potassium channel 1 (TREK1), and TWIK-related arachidonic acid- 
activated potassium channel (TRAAK) (fig. S6), indicating that this 
siRNA selectively targeted TRESK mRNA. Western blotting anal-
ysis revealed that the TRESK protein abundance was significantly 
decreased (by ~53%) in the bilateral L4/5 DRGs in siRNA-treated 
rats (Fig. 3B), as were both the total background currents IKBG and 
the TRESK-containing IKSO in the IB4+ DRG neurons (Fig. 3, C and 
D). In agreement with the functional reduction of TRESK chan-
nels in DRG neurons, we also observed a substantial increase in 
neuronal excitability, as indicated by increased AP numbers, a de-
polarized RMP, and reduced rheobase in rats treated with TRESK 
siRNA (Fig. 3, E to G). Likewise, intrathecal administration of TRESK 
siRNA also attenuated TRESK currents and enhanced excitability in 
IB4− DRG neurons from normal rats (fig. S7).

Behavioral analysis then showed that intrathecal administration 
of TRESK siRNA produced mechanical hypersensitivity, thermal 
hyperalgesia, and spontaneous pain in normal rats inferred from 
decreased PWT and PWL in the ipsilateral hindpaw in siRNA-treated 
rats relative to controls 2 days after siRNA injection (Fig. 3, H and 
I), and a significant increase in flinching and guarding of the ipsilat-
eral hindpaw was also seen in TRESK siRNA-treated rats 1 day after 
siRNA injection (Fig. 3, J and K). These data indicate that knock-
down of TRESK in DRG neurons reduces the TRESK-containing 
currents and subsequently induces neuronal hyperexcitability and 
pain hypersensitivity.

Decreased calcineurin abundance mediates the reduction of 
functional TRESK channels in DRG neurons from bone 
metastasis model rats
Activation of TRESK by calcineurin through dephosphorylation is 
a well-documented feature of TRESK channel regulation (6, 20). 
Calcineurin has been shown to bind directly to the NFAT-like 
docking site on TRESK and activates the channel by the dephos-
phorylation of the two major regulatory regions at serine 264 and 
serine 276 “clusters” (6, 13, 17, 20). Thus, the effect of TRESK de-
phosphorylation on NFAT-like docking sites can be inhibited by a 
calcineurin inhibitor such as cyclosporin A and tacrolimus (FK-
506) (20). In agreement with this understanding, we found that ex-
ogenous application of either FK-506 (200 nM) or calcineurin siRNA 
(2 g in a 10-l volume) to DRG neurons for 24 hours could in-
crease the phosphorylated TRESK abundance at the gross serine 
residues (pTRESKser) (no commercial antibody against phosphoryl-
ated TRESK at specific serine residue is available), both in cultured 
DRG neurons in vitro (1.43- ± 0.06-fold versus vehicle for FK-506; 
1.46- ± 0.07-fold versus scramble for calcineurin siRNA) (fig. S8, A 
and B) and in the bilateral L4/5 DRGs of normal rats in vivo (1.55- ± 
0.16-fold versus vehicle for FK-506; 1.39- ± 0.07-fold versus scram-
ble for calcineurin siRNA) (fig. S8, C and D). In addition, we found 
that inhibition of TRESK dephosphorylation using the interfering 
peptide targeting serine 252, serine 262, serine 264, and serine 267 
sites of TRESK, the identified dephosphorylation sites by calcineurin 
(17), could suppress the effects of calcineurin (10 enzyme units/l × 
10 l) upon TRESK channels (fig. S9). For example, pretreatment of 
cultured DRG neurons with the interfering peptide TAT-Ser could 
significantly inhibit not only the calcineurin-induced increase both 

in TRESK protein abundance (decreased by 49.7 ± 8.2% versus the 
control peptide TAT-Ala) (fig. S9A) and in TRESK-containing cur-
rents (reduced by 21.9 ± 8.9% for IKBG and by 32.8 ± 8.5% for IKSO 
versus TAT-Ala) (fig. S9, B and C) but also the calcineurin-induced 
reduction of DRG neuron excitability (increased 2.32- ± 0.41-fold 
for the AP numbers, decreased by 8.3 ± 3.5% for the RMP, and re-
duced by 26.9 ± 9.6% for the rheobase versus TAT-Ala) (fig. S9, D 
to F). These results indicate that exogenous calcineurin may play its 
role through intracellular dephosphorylation of the TRESK channel 
in DRG neurons.

Furthermore, we found that, with FK-506 (200 nM), treatment 
to cultured DRG neurons also induced a significant decrease in 
both TRESK protein (decreased by 25.9 ± 3.7% at 48 hours) and 
mRNA (decreased by 45.5 ± 11.5% at 48 hours) abundance (versus 
vehicle; fig. S10, A and B). Together, these data suggested that calci-
neurin inhibition not only deactivates the TRESK channels through 
the suppression of TRESK dephosphorylation but also reduces the 
TRESK protein and mRNA abundance. In line with these findings, 
we observed that both the total background currents IKBG [370.0 ± 
19.9 pA/pF (FK-506) versus 452.6 ± 23.5 pA/pF (vehicle), t52 = 2.69, 
P = 0.0097] and the TRESK-containing IKSO [34.8 ± 2.3 pA/pF (FK-
506) versus 57.2 ± 5.1 pA/pF (vehicle)] were reduced in cultured 
DRG neurons with FK-506 treatment (fig. S10, C and D). In addi-
tion, an increased neuronal excitability was found in these FK-506-
treated DRG neurons; e.g., the AP numbers were increased [2.1 ± 
0.4 (FK-506) versus 1.0 ± 0.1 (vehicle)], the RMP was depolarized 
[−52.0 ± 0.9 mV (FK-506) versus −57.5 ± 0.5 mV (vehicle)], and the 
rheobase was decreased [64.9 ± 5.4 pA (FK-506) versus 90.2 ± 
6.7 pA (vehicle)] in FK-506–treated DRG neurons (fig. S10, E to G). 
Moreover, an increased pain sensitivity as manifested by a reduced 
PWT [6.8 ± 3.4 g (FK-506) versus 13.5 ± 4.5 g (vehicle)] and PWL 
[18.8 ± 0.8 s (FK-506) versus 25.2 ± 1.1 s (vehicle)] was observed in 
rats that received intrathecal FK-506 treatment (on day 2 after drug 
injection; fig. S10, H and I). These results demonstrated that the 
calcineurin inhibition could reduce the functional TRESK abundance 
and enhance the neuronal excitability in cultured DRG neurons and 
produce pain hypersensitivity in normal rats.

Calcineurin is a calcium/calmodulin-dependent serine/threonine 
phosphatase that is activated by the elevation of intracellular calci-
um (43). Activated calcineurin triggers the dephosphorylation and 
the nuclear import of NFAT transcription factors and drives ex-
pression of multiple target genes (44). Hence, we supposed that the 
inhibition by FK-506 of calcineurin-mediated NFAT dephosphory-
lation is probably a potential mechanism underlying the reduction 
of TRESK protein and mRNA abundance upon application of the 
calcineurin inhibitor FK-506 (45). Because the dephosphorylation 
of NFAT is a prerequisite for its nuclear translocation, we thus ex-
amined the subcellular distribution of NFAT in cultured DRG neu-
rons with FK-506 treatment (200 nM, for 24 hours). The results of 
Western blot analysis revealed that the amount of NFAT in the nu-
clear fraction was decreased (by 50.8 ± 3.4% versus vehicle) with 
FK-506 treatment (fig. S11A). The immunofluorescence staining 
using antibody specific to NFAT also showed that the nuclear local-
ization of NFAT [the colocalization of NFAT and 4′,6-diamidino- 
2-phenylindole (DAPI)–stained nuclei] was significantly decreased 
with FK-506 incubation (fig. S11B). These data suggested that the 
activated calcineurin could promote TRESK abundance in an NFAT- 
dependent manner; thus, the calcineurin inhibition by FK-506 may 
reduce the TRESK protein and mRNA abundance, which is probably 



Yang et al., Sci. Signal. 11, eaao5150 (2018)     16 October 2018

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

6 of 20

in part because of the disrupted NFAT dephosphorylation and nu-
clear translocation.

To further determine whether a decreased calcineurin mediates 
the reduction of TRESK channels and pain hypersensitivity caused 

by bone metastasis, we first examined the alteration of calcineurin 
abundance in DRGs from tumor-bearing rats. The results revealed 
that the abundance of calcineurin protein was notably decreased 
(by ~17% relative to controls) in the ipsilateral L4/5 DRGs on day 

Fig. 3. Effects of TRESK 
knockdown on the abun-
dance of functional TRESK 
channels, DRG neuron ex-
 citability, and pain sen si-
tivity in normal rats. (A and 
B) TRESK abundance at the 
mRNA (A) and protein (B) 
levels in bilateral L4/5 DRGs 
after intrathecally admin
istered TRESK siRNA. n = 5 
to 7 rats per group. Two
tailed unpaired t test: t12 = 
3.12 for TRESK mRNA, t8 = 
4.55 for TRESK protein, **P < 
0.01 versus the correspond
ing scramble group. (C and 
D) TRESK currents in bi
lateral L4/5 DRG neurons 
after TRESK siRNA applica
tion. Shown are represen
tative current traces and a 
summary for the current 
density of both the total 
background currents (IKBG) 
measured at +60 mV of a 
ramp voltage protocol (C) 
and the TRESKcontaining 
IKSO measured at −25 mV 
of a depolarizing step volt
age protocol (D) in IB4+ 
DRG neurons. n = 16 to 
18 cells from six to seven 
rats per group. Twotailed un
paired t test: t33 = 2.84 for 
IKBG, t32 = 2.81 for IKSO, **P < 
0.01. (E to G) Effects of in
trathecal injection of TRESK 
siRNA on the neuronal ex
citability of bilateral L4/5 
DRG neurons. Represen
tative traces of APs and 
a summary for the spike 
number (E), the RMP (F), 
and the rheobase for elicit
ing AP (G) in IB4+ DRG neu
rons are shown. n = 15 to 
21 cells from six to seven rats 
per group. Twotailed un
paired t test: t36 = 3.43 for 
the AP numbers; t34 = 3.58 
for the RMP; t30 = 4.49 for 
the rheobase; **P < 0.01, 
***P < 0.001. (H and I) Effects 
of intrathecal TRESK siRNA on the PWT to mechanical stimuli (H) and the PWL to thermal stimulation (I) in normal rats. n = 7 to 11 rats per group. Twoway ANOVA followed 
by Bonferroni post hoc test: F6,112 = 4.81 for PWT; F6,119 = 1.48 for PWL; *P < 0.05, **P < 0.01, ***P < 0.001 versus the corresponding scramble group. (J and K) Effects of 
intrathecal TRESK siRNA on the spontaneous pain behaviors in normal rats. Flinching (J) and guarding (K) behaviors were video recorded to assess the spontaneous pain. 
n = 9 to 13 rats per group. Twoway ANOVA followed by Bonferroni post hoc test: F6,147 = 1.88 for flinching; F6,119 = 2.51 for guarding; **P < 0.01, ***P < 0.001 versus the 
corresponding scramble group.
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14 after surgery in bone-localized MRMT-1–bearing rats (Fig. 4A). 
Furthermore, we found that intrathecal administration of calci-
neurin rescued the tumor-induced reduction of both calcineurin 
and TRESK abundance in ipsilateral L4/5 DRG and abrogated the 
associated neuronal hyperexcitability and pain hypersensitivity. 
The abundance of both calcineurin and TRESK protein was mod-
estly increased (Fig. 4, B and C), and TRESK mRNA expression was 
increased by just over twofold compared to the corresponding 
vehicle (Fig. 4D). The total background current IKBG and the TRESK- 
containing IKSO were both modestly augmented in calcineurin- 
treated rats compared with controls (Fig. 4, E and F). Furthermore, 
the AP number was decreased by ~67%, the RMP was hyperpolar-
ized, and the rheobase increased by just over twofold on average in 
the calcineurin-treated rats (Fig. 4, G to I). Moreover, the ipsilateral 
PWT and PWL were significantly increased in calcineurin-treated 
rats (on day 17 after surgery; Fig. 4, J and K), implying that intrathe-
cal calcineurin could attenuate the tumor-induced mechanical hy-
persensitivity and thermal hyperalgesia in bone lesion–bearing rats. 
In addition, we found that siRNA-mediated knockdown of TRESK 
prevented the exogenous calcineurin-induced augmentation of func-
tional TRESK channels in the ipsilateral L4/5 DRG neurons of bone 
lesion–bearing rats (TRESK protein decreased by ~18%, IKBG 
reduced by ~17%, and IKSO reduced by ~23% relative to scramble- 
siRNA controls; fig. S12, A to D). Consistently, the decreased excit-
ability of DRG neurons by exogenous calcineurin was also prevented 
in the tumor-bearing rats by pretreatment with TRESK siRNA (AP 
numbers increased ~2.6-fold, the RMP decreased by ~11%, and the 
rheobase reduced by ~42% relative to scramble-pretreated controls; 
fig. S12, E to G). Last, and likewise, the inhibitory effects of calcineurin 
on bone lesion–induced pain hypersensitivity were also disrupted 
by TRESK siRNA pretreatment: The PWT decreased from ~11.2 
to ~5.8 g on average, and the PWL reduced from ~17.2 to 9.8 s on 
average relative to scramble-pretreated controls (fig. S12, H and I). 
These results indicate that exogenous calcineurin may suppress 
the development of bone metastasis–associated pain by enhancing 
the abundance of functional TRESK channels in DRG neurons.

On the other hand, we found that knockdown of calcineurin 
using intrathecal administration of calcineurin-targeted siRNA (fig. 
S13A) reduced the abundance of functional TRESK channels in DRG 
neurons and induced pain hypersensitivity in normal rats. The 
abundance of TRESK protein and mRNA was decreased in siRNA- 
treated rats compared with the scramble rats (fig. S13, B and C). 
Concordantly, the total background IKBG and the TRESK-containing 
IKSO currents were decreased (fig. S13, D and E), AP number was 
increased, RMP was depolarized, and the rheobase was decreased in 
siRNA-treated rats (fig. S13, F to H). Moreover, the ipsilateral PWT 
and PWL were significantly decreased in siRNA-treated rats (fig. 
S13, I and J). Collectively, these data suggest that a decreased calci-
neurin mediates the reduction of functional TRESK channels in 
DRGs of bone lesion–bearing rats, thereby contributing to the sen-
sitization of nociceptive DRG neurons and tumor/bone metastasis–
associated pain development.

To further test our hypothesis that the reduction of functional 
TRESK channels by a decreased calcineurin in DRG neurons in the 
bone metastasis model resulted from the disruption of the calcineurin- 
NFAT interaction, we performed additional experiments testing 
whether pretreatment with 11R-VIVIT (RRRRRRRRRRR-GG- 
MAGPHPVIVITGPHEE), an NFAT inhibitor peptide that selectively 
interferes with calcineurin-NFAT interaction without affecting the 

phosphatase activity of calcineurin (46, 47), could effectively abro-
gate the inhibitory effects of exogenous calcineurin on the tumor- 
induced reduction of functional TRESK channels and induction of 
pain sensitivity in bone metastasis model rats. The calcineurin- 
induced augmentation of TRESK mRNA and protein abundance 
was decreased by ~63 and 20%, respectively, in VIVIT/calcineurin- 
treated bone lesion–bearing rats relative to the corresponding 
vehicle-treated group (Fig. 5, A and B). Likewise, the calcineurin- 
induced enhancement of both the total background current IKBG 
and the TRESK-containing IKSO was decreased by ~26 and 30%, 
respectively, in VIVIT/calcineurin-treated cancer rats relative to 
vehicle-treated rats (Fig. 5, C and D). DRGs from VIVIT/calcineurin- 
treated bone lesion–bearing rats also exhibited an increased AP 
number by about twofold, a depolarized RMP, and a decreased 
rheobase by ~44% (Fig. 5, E to G). In addition, the ipsilateral PWT 
and PWL were significantly decreased in VIVIT/calcineurin-treated 
cancer rats 1 day after VIVIT/calcineurin administration (Fig. 5, H 
and I).

In addition, we found that disrupting the calcineurin-NFAT 
interaction with VIVIT also reduced the abundance of functional 
TRESK channels in DRG neurons and induced pain hypersensitiv-
ity in normal rats. The abundance of TRESK mRNA and protein in 
the bilateral L4/5 DRGs from normal rats was markedly decreased 
(fig. S14, A and B), the total background IKBG and TRESK-containing 
IKSO currents were decreased (fig. S14, C and D), the AP number 
was increased (fig. S14E), the RMP was depolarized (fig. S14F), the 
rheobase was decreased (fig. S14G), and the ipsilateral PWT and 
PWL were significantly decreased (fig. S14, H and I) in VIVIT-treated 
rats relative to vehicle-treated rats. Together, these data suggested 
that the disruption of the calcineurin-NFAT interaction is a possi-
ble cause for the reduction of functional TRESK channels by a de-
creased calcineurin in DRG neurons from bone lesion–bearing rats.

VEGF contributes to calcineurin loss and subsequent 
reduction in functional TRESK channels and increase in DRG 
neuron excitability in culture
In endothelial cells, binding of VEGF to VEGFR2 enhances the 
abundance of the endogenous calcineurin inhibitor RCAN1 (also 
known as DSCR1), which triggers a negative feedback loop to in-
hibit the activity of calcineurin (33–35, 37). VEGF also inhibits 
the augmentation of calcineurin and nuclear NFATc3 proteins in 
isoproterenol-treated neonatal rat ventricular cardiomyocytes (48). 
To test our hypothesis that the activation of VEGF-VEGFR2 signaling 
may induce calcineurin reduction and, hence, calcineurin loss– 
mediated TRESK reduction in DRG neurons from bone lesion–
bearing rats, we first examined the effects of VEGF on calcineurin and 
TRESK protein abundance, on TRESK-containing currents, and on 
neuronal excitability in cultured DRG neurons. We found that expo-
sure of cultured DRG neurons to VEGF (50 ng/ml) for 4 hours in-
duced a significant decrease in the abundance of both calcineurin and 
TRESK protein (decreased by ~23 and ~35%, respectively, relative 
to vehicle-treated rats; fig. S15, A and B). These effects were inhibited 
either by co-application of VEGF-neutralizing antibody (VEGF-
Ab; 1 g/l; fig. S15, A and B) or by pretreatment with calcineurin 
(10 enzyme units/l; fig. S15C). Moreover, 11R-VIVIT (100 M × 
10 l) also inhibited the VEGF-mediated reduction in TRESK pro-
tein abundance (about 1.7-fold) and mRNA (about 2-fold; fig. S15, 
D and E), suggesting that the VEGF-induced reduction in TRESK 
is likely dependent on the calcineurin–NFAT signaling pathway. 
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Fig. 4. Effects of intrathecal 
injection of calcineurin on the 
tumor-induced reduction of 
functional TRESK channels, 
DRG neuron hyperexcitabili-
ty, and pain hypersensitivity 
in bone cancer–bearing rats. 
(A) Calcineurin protein abun
dance in ipsilateral L4/5 DRGs 
in naïve, PBS, and MRMT1 tumor 
bearing rats. n = 6 rats per group. 
Oneway ANOVA followed by 
Tukey post hoc test: F2,15 = 20.65; 
**P < 0.01, ***P < 0.001. (B to D) 
Effects of intrathecal injection 
of calcineurin on the tumor 
induced decrease in the abun
dance of calcineurin (B), TRESK 
protein (C), and TRESK mRNA 
(D) in ipsilateral L4/5 DRGs of 
bone cancer rats. n = 4 to 8 bio
logical replicates per group. Two 
tailed unpaired t test: t8 = 3.36 
for calcineurin; t6 = 6.23 and t14 = 
2.26 for TRESK protein and mRNA, 
respectively; *P < 0.05, ***P < 
0.001. (E and F) Effects of intrathecal 
calcineurin on the tumor induced 
reduction of TRESKcontaining cur
rents in ipsilateral L4/5 DRG neu
rons of bone cancer–bearing rats. 
Shown are representative cur
rent traces and a summary for 
the current density of both the 
total background currents (IKBG) 
measured at +60 mV of a ramp 
voltage protocol (E) and the TRESK 
containing IKSO measured at 
−25 mV of a depolarizing step 
voltage protocol (F) in IB4+ DRG 
neurons. n = 26 to 27 cells from 
eight to nine rats per group. 
Twotailed unpaired t test: t51 = 
6.24 for IKBG, t51 = 5.51 for IKSO; 
***P < 0.001. (G to I) Effects of 
intrathecal calcineurin on the 
tumorinduced neuronal hyper
excitability in ipsilateral L4/5 DRG 
neurons of bone cancer–bearing 
rats. Representative traces of APs 
and a summary for the spike 
number (G), the RMP (H), and 
the rheobase for eliciting AP (I) 
in IB4+ DRG neurons are shown. 
n = 26 to 27 cells from eight to 
nine rats per group. Twotailed 
unpaired t test: t51 = 5.38 for 
the AP numbers; t51 = 6.66 for 
the RMP; t51 = 5.46 for the rheo
base; ***P < 0.001. (J and K) Ef
fects of intrathecal calcineurin 
on the tumorinduced decrease in the PWT to mechanical stimuli (J) and the PWL to thermal stimulation (K) in bone cancer rats. n = 13 to 14 rats per group. Twoway 
ANOVA followed by Bonferroni post hoc test: F7,160 = 6.20 for PWT; F7,140 = 2.29 for PWL; *P < 0.05, **P < 0.01, ***P < 0.001 versus the corresponding vehicle group.
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Fig. 5. Effects of pretreatment 
with NFAT inhibitor peptide on 
the calcineurin-induced altera-
tions of TRESK abundance, DRG 
excitability, and pain sensitiv-
ity in bone cancer–bearing rats. 
(A and B) Effects of pretreatment 
with the NFAT inhibitor peptide 
VIVIT on the calcineurin (CaN)–
induced increase in TRESK mRNA 
(A) and TRESK protein (B) abun
dance in ipsilateral L4/5 DRGs of 
bone cancer–bearing rats. n = 6 
to 8 rats per group. Twotailed 
unpaired t test: t14 = 4.49 for 
TRESK mRNA; t10 = 3.32 for TRESK 
protein; **P < 0.01, ***P < 0.001. 
(C and D) Effects of pretreatment 
with VIVIT on the calcineurin 
induced augmentation of TRESK 
containing currents in ipsilateral 
L4/5 DRG neurons of bone cancer– 
bearing rats. Shown are repre
sentative current traces and a 
summary for the current density 
of both the total background cur
rents (IKBG) measured at +60 mV 
of a ramp voltage protocol (C) 
and the TRESKcontaining IKSO 
measured at −25 mV of a depo
larizing step voltage protocol (D) 
in IB4+ DRG neurons. n = 15 to 
16 cells from four to five rats per 
group. Twotailed unpaired t test: 
t30 = 3.26 for IKBG; t28 = 5.08 for 
IKSO; **P < 0.01, ***P < 0.001. (E to 
G) Effects of pretreatment with 
VIVIT on the calcineurin induced 
reduction of DRG neuron ex
citability in ipsilateral L4/5 DRG 
neurons in tumorbearing rats. 
Representative traces of APs and 
a summary for the spike number 
(E), the RMP (F), and the rheo
base for eliciting AP (G) in IB4+ 
DRG neurons are shown. Two
tailed unpaired t test: t26 = 2.59 
for the AP numbers; t32 = 4.38 
for the RMP; t30 = 5.46 for the 
rheobase; *P < 0.05, ***P < 0.001. 
(H and I) Effects of pretreatment 
with VIVIT on the calcineurin 
induced increase in the PWT to 
mechanical stimuli (H) and the 
PWL to thermal stimulation (I) in 
bone cancer–bearing rats. n = 10 
to 11 rats per group. Twoway 
ANOVA followed by Bonferroni 
post hoc test: F1,36 = 48.97 for PWT, 
F1,38 = 10.12 for PWL, ***P < 0.001.
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Consistently, VEGF also induced a significant decrease in both the 
total background currents IKBG and the TRESK-containing IKSO 
(decreased by ~28 and ~37%, respectively) relative to vehicle-treated 
rats. These effects were reversed by pretreatment with calcineurin 
or VEGF-Ab (fig. S15, F and G). In addition, VEGF induced a sig-
nificant increase in DRG neuron excitability (relative to vehicle, the 
AP numbers increased ~2-fold, the change in RMP indicated depo-
larization by ~6%, and the rheobase decreased by ~29%) but was 
abrogated by pretreatment with calcineurin or VEGF-Ab (fig. S15, 
H to K). These results suggest that VEGF may suppress the abun-
dance of functional TRESK channels and, consequently, increase ex-
citability in DRG neurons through the reduction of calcineurin.

Inhibition of VEGF signaling reverses the tumor-induced 
reduction of calcineurin and TRESK abundance in DRG 
neurons and alleviates pain hypersensitivity in bone 
lesion–bearing rats
To further investigate whether signaling by VEGF through VEGFR2 
is critical for the calcineurin-mediated TRESK reduction in DRG 
neurons and the consequent pain hypersensitivity induced by bone 
metastasis, we first examined the alterations of VEGF and VEGFR2 
protein abundance in tumor-bearing rats. The results revealed that 
the abundance of both VEGF and VEGFR2 protein in the ipsilateral 
L4/5 DRGs was significantly increased 2 weeks after bone lesion im-
plantation (Fig. 6, A and B). In agreement with these findings, we 
found that exogenous VEGF reduced the abundance of calcineurin 
and TRESK proteins, enhanced DRG neuron excitability, and in-
creased pain sensitivity in normal rats. The abundance of calcineurin 
and TRESK proteins was decreased (by ~13 and ~24%, respectively) 
in VEGF-treated rats compared with vehicle-treated rats (Fig. 6, C 
and D). In addition, the total background current IKBG and the 
TRESK-containing IKSO were decreased by ~28 and ~49%, respectively, 
in VEGF-treated rats (Fig. 6, E and F), the AP numbers (spikes per 
second) were increased, the RMP exhibited a depolarized shift, and 
the rheobase was decreased (by ~55%) in VEGF-treated rats (Fig. 6, 
G to I). In addition, the ipsilateral PWT and PWL were significantly 
decreased in VEGF-treated rats 2 days after VEGF treatment (Fig. 6, 
J and K).

Following on from those results, we assessed the effects of a 
VEGF-Ab and a VEGFR2 inhibitor (Ki8751) on the abundance 
of calcineurin and TRESK, the TRESK-containing currents and hy-
perexcitability in DRG neurons, and the pain hypersensitivity in 
bone lesion–bearing rats. We found that intrathecal administration 
of either VEGF-Ab (fig. S16) or Ki8751 (Fig. 7) modestly reversed 
the tumor-induced reduction of both calcineurin and TRESK pro-
tein abundance in the ipsilateral L4/5 DRGs (~1.4-fold and ~1.6- to 
1.8-fold, respectively; fig. S16, A and B, and Fig. 7, A and B). Con-
sistently, the tumor-induced decrease in both the background cur-
rent IKBG and the TRESK-containing IKSO was also rescued by 
either VEGF-Ab or Ki8751 (fig. S16, C and D, and Fig. 7, C and D). In 
addition, VEGF-Ab or Ki8751 rescued the AP number, RMP, and 
rheobase in ipsilateral L4/5 DRG neurons from bone lesion–bearing 
rats (fig. S16, E to G, and Fig. 7, E to G). Moreover, both VEGF-Ab 
and Ki8751 abrogated the tumor-induced pain hypersensitivity in 
bone lesion–bearing rats, as inferred from an increased PWT in re-
sponse to mechanical stimuli and PWL in response to thermal stim-
ulation (fig. S16, H and I, and Fig. 7, H and I). These results indicate 
that the activation of VEGF-VEGFR2 signaling induces the decrease 
in calcineurin that consequently reduces the abundance of functional 

TRESK channels in DRG neurons, which promotes the development 
of pain hypersensitivity in bone lesion–bearing rats.

DISCUSSION
We here provide multiple lines of evidence to show that decreased 
TRESK channels in DRG neurons contribute to the cancer pain de-
velopment. First, we found a reduction of functional TRESK chan-
nels in DRG neurons and its association with pain hypersensitivity 
in bone lesion–bearing rats. Second, we discovered that TRESK over-
expression rescued the tumor-induced hyperexcitability of DRG 
neurons and pain hypersensitivity in bone lesion–bearing rats, 
whereas TRESK knockdown enhanced the neuronal excitability 
and produced pain hypersensitivity in normal rats. These findings 
are consistent with previous reports that TRESK channels play a 
critical role in determining neuronal excitability of primary sensory 
neurons (5, 10); therefore, a decreased TRESK would result in 
the DRG neurons’ hyperexcitability and pain hypersensitivity under 
pathologic conditions (7, 10, 11). TRESK is one of the major back-
ground potassium channels that contribute to DRG neurons’ RMP 
(5). Similar to our previous findings (3), alterations of intrinsic mem-
brane properties including a depolarized RMP shift and a decreased 
rheobase for eliciting AP, which are associated with enhanced neu-
ronal excitability, were observed in cancer rat DRG neurons, and 
importantly, all these alterations were reversed by overexpressing 
TRESK in tumor-bearing rats. Conversely, knockdown of TRESK 
in normal rats could induce a depolarized RMP and a decreased 
rheobase as evident in tumor-bearing animals. These results indi-
cated that TRESK reduction may result in a depolarized RMP shift 
and a decreased rheobase, thereby contributing to DRG neu-
ron hyperexcitability and pain hypersensitivity in bone lesion–
bearing rats.

Activation of TRESK by calcineurin through dephosphorylation 
is a well-documented feature of TRESK channel regulation (6, 20). 
Calcineurin can bind directly to the NFAT-like docking site on 
TRESK and activate it by the dephosphorylation of the channel 
(6, 13, 17, 20). We found that both calcineurin inhibitor (FK-506) 
and siRNA could inhibit the dephosphorylation of TRESK in DRG 
neurons and that inhibition of TRESK dephosphorylation by an in-
terfering peptide could disrupt the modulation of calcineurin on 
TRESK channels. Moreover, we found that FK-506 treatment for 
cultured DRG neurons also induced a reduction of TRESK protein 
and mRNA abundance. These data suggested that calcineurin inhi-
bition not only deactivated the TRESK channel through suppressing 
TRESK dephosphorylation but also decreased the TRESK abundance. 
Calcineurin is a calcium/calmodulin-dependent serine/threonine 
phosphatase that is activated by an increase in intracellular calcium 
(43). Activated calcineurin triggers the dephosphorylation and the 
nuclear import of NFAT transcription factors and drives expression 
of multiple target genes (44). We thus suggested that the inhibition 
of calcineurin-mediated NFAT dephosphorylation by FK-506 is a 
potential mechanism underlying the reduction of TRESK protein and 
mRNA abundance upon FK-506 application (45). In support of our un-
derstanding, we indeed found that, as an inevitable result of NFAT 
dephosphorylation, the nuclear translocation of NFAT was reduced 
with FK-506 treatment for cultured DRG neurons.

In addition, we provide further evidence demon strating that a 
decreased calcineurin mediates TRESK reduction in cancer rat 
DRG neurons. We found that repression of calcineurin with FK-506 
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indeed resulted in a reduction of functional 
TRESK channels and an enhanced neuronal ex-
citability in cultured DRG neurons and that 
intrathecal FK- 506 produced pain hypersensitivity 
in normal rats. These results presented a con-
vincing explanation for the underlying mecha-
nisms of CIPS, a calcineurin inhibitor–induced 
pain syndrome (29), by which the calcineurin 
inhibitor may exert its action via TRESK sup-
pression in DRG neurons. Actually, we found a 
significant reduction of calcineurin abundance 
in DRGs from bone lesion– bearing rats and that 
intrathecal delivery of exogenous calcineurin 
could reverse the tumor- induced TRESK re-
duction in DRG neurons and subsequently 
abrogated neuronal hyperexcitability and pain 
hypersensitivity. Sim ilarly, Miletic et al. (21) have 
reported that intrathecal administration of cal-
cineurin alleviates pain hypersensitivity in neu-
ropathic rats. In support of the notion that the 
TRESK channel is a downstream transcriptional 
target of calcineurin signaling (13), we provided 
additional evidence showing that intrathecal 
delivery of TRESK siRNA could inhibit the 
calcineurin’s action in bone lesion–bearing rats. 
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Fig. 6. The abundance of VEGF and VEGFR2 in ipsilateral 
L4/5 DRGs in bone cancer–bearing rats, and the effect of 
intrathecal injection of VEGF on the functional TRESK 
abundance, DRG neuron excitability, and pain sensitivity 
in normal rats. (A and B) VEGF and VEGFR2 protein abun
dance in ipsilateral L4/5 DRGs in naïve, PBS, and MRMT1 
tumorbearing rats. n = 6 rats per group. Oneway ANOVA 
followed by Tukey post hoc test: F2,15 = 16.45 for VEGF; F2,15 = 
13.27 for VEGFR2; **P < 0.01, ***P < 0.001. (C and D) Effects 
of intrathecal injection of VEGF on calcineurin and TRESK 
abundance in bilateral L4/5 DRGs of normal rats. n = 6 rats 
per group. Immunoblots shown are from the same mem
brane, reblotted for TRESK. Twotailed unpaired t test: t10 = 
5.90 for calcineurin; t10 = 4.05 for TRESK; **P < 0.01, ***P < 
0.001. (E and F) Effects of intrathecal VEGF on TRESKcontaining 
currents in bilateral L4/5 DRG neurons of normal rats. Shown 
are representative current traces and a summary for the cur
rent density of both the total background currents (IKBG) mea
sured at +60 mV of a ramp voltage protocol (E) and the 
TRESKcontaining IKSO measured at −25 mV of a depolarizing 
step voltage protocol (F) in IB4+ DRG neurons. n = 18 to 20 cells 
from five to six rats per group. Twotailed unpaired t test: t37 = 
5.92 for IKBG, t34 = 9.68 for IKSO, ***P < 0.001. (G to I) Effects of 
intrathecal VEGF on the neuronal excitability of bilateral L4/5 
DRG neurons in normal rats. Representative traces of APs 
and a summary for the spike number (G), the RMP (H), and 
the rheobase for eliciting AP (I) in IB4+ DRG neurons are shown. 
n = 17 to 21 cells from five to six rats per group. Twotailed 
unpaired t test: t33 = 4.04 for the APs; t37 = 4.00 for the RMP; 
t38 = 4.82 for the rheobase; *P < 0.05, ***P < 0.001. (J and K) 
Effects of intrathecal VEGF on the PWT to mechanical stimuli 
(J) and the PWL to thermal stimulation (K) in normal rats. n = 9 
to 10 rats per group. Twoway ANOVA followed by Bonferroni 
post hoc test: F5,102 = 2.32 for PWT; F5,108 = 2.35 for PWL; *P < 
0.05, **P < 0.01.
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Fig. 7. Effects of VEGFR2 in-
hibitor on the abundance of cal-
cineurin and TRESK, DRG neuron 
excitability, and pain hyper-
sensitivity in rats with bone 
cancer. (A and B) Effects of in
trathecal injection of Ki8751 on 
the tumorinduced reduction of 
calcineurin and TRESK protein 
abundance in ipsilateral L4/5 DRGs 
of bone cancer–bearing rats. n = 4 
to 5 rats per group. Twotailed 
unpaired t test: t8 = 4.58 for cal
cineurin, t12 = 4.06 for TRESK, **P < 
0.01. (C and D) Effects of intrathe
cal Ki8751 on the tumorinduced 
decrease in TRESKcontaining 
cur rents in ipsilateral L4/5 DRG 
neurons of bone cancer–bearing 
rats. Shown are representative 
current traces and a summary for 
the current density of both the 
total background currents (IKBG) 
measured at +60 mV of a ramp 
voltage protocol (C) and the TRESK 
containing IKSO measured at −25 mV 
of a depolarizing step voltage 
protocol (D) in IB4+ DRG neurons. 
n = 18 to 20 cells from five to six 
rats per group. Twotailed un
paired t test: t37 = 3.59 for IKBG, 
t36 = 3.54 for IKSO, **P < 0.01. (E to 
G) Effects of intrathecal Ki8751 
on the tumorinduced enhance
ment of DRG neuron excitability 
in bone cancer–bearing rats. Rep
resentative traces of APs and a 
summary for the spike number 
(E), the RMP (F), and the rheobase 
for eliciting AP (G) in IB4+ DRG 
neurons are shown. n = 17 to 23 
cells from five to six rats per group. 
Twotailed unpaired t test: t32 = 
3.04 for the AP numbers; t40 = 
3.49 for the RMP; t42 = 4.60 for 
the rheobase; **P < 0.01, ***P < 
0.001. (H and I) Effects of intra
thecal Ki8751 on the tumor 
induced decrease in the PWT to 
mechanical stimuli (H) and the 
PWL to thermal stimulation (I) in 
bone cancer–bearing rats. n = 8 
to 13 rats per group. Twoway 
ANOVA followed by Bonferroni 
post hoc test: F6,131 = 2.85 for 
PWT; F6,140 = 1.02 for PWL; *P < 
0.05, **P < 0.01, ***P < 0.001 versus 
the corresponding vehicle group.
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Moreover, we presented additional evidence showing that knock-
down of calcineurin by RNA interference reduced functional TRESK 
in DRG neurons and induced pain hypersensitivity in normal rats. 
These findings suggested that decreased calcineurin mediated the 
reduction of functional TRESK in DRG neurons, thereby contribut-
ing to the sensitization of nociceptive DRG neurons and metastasis- 
associated pain.

Calcineurin may act as a signaling mediator in pronociceptive 
pathways largely via its role in promoting the activation of NFAT (20). 
Activation of NFAT-mediated transcription has been implicated in 
the maintenance of pain in response to substance P in spinal neurons, 
whereas inhibiting NFAT suppresses several inflammatory pain 
(49, 50). In agreement with these findings, we discovered that in-
trathecal administration of an NFAT inhibitor (VIVIT) could ef-
fectively abrogate the inhibitory effects of exogenous calcineurin on 
the tumor- induced reduction of TRESK in DRG neurons and pain 
hypersensitivity in bone lesion–bearing rats and that disrupting 
the calcineurin- NFAT interaction by VIVIT (46, 47) produced a TRESK 
reduction in DRG neurons and pain hypersensitivity in normal rats. 

These data suggested that the disruption of the calcineurin- NFAT inter-
action is a possible cause for the functional suppression of TRESK 
by a decreased calcineurin in cancer rat DRG neurons.

In endothelial cells, binding of VEGF to VEGFR2 increases the 
endogenous calcineurin inhibitor RCAN1 (also called DSCR1), which 
triggers a negative feedback loop to inhibit the calcineurin’s activity 
(33–35, 37). VEGF could induce DSCR1 gene expression, which en-
codes a regulatory protein that binds to calcineurin catalytic A sub-
unit and acts as a regulator of the calcineurin-mediated signaling 
pathway. Apart from inhibiting the calcineurin’s activity, VEGF also 
attenuates the elevation of calcineurin and nuclear NFATc3 pro-
teins in isoproterenol-treated neonatal rat ventricular cardiomyo-
cytes (48). In consistent with these findings, we documented that, 
with VEGF, treatment for cultured DRG neurons could decrease the 
calcineurin abundance and subsequently repressed the TRESK’s ex-
pression and function. We proposed that a decreased calcineurin 
mediated the VEGF-induced TRESK reduction and the enhancement 
of neuronal excitability in cultured DRG neurons because additional 
calcineurin sufficiently inhibited these VEGF actions. In addition, 

Fig. 8. The role of VEGF/calcineurin-NFAT/TRESK signaling in the development of bone cancer–induced pain. In the context of bone metastasis, the binding of 
VEGF to its receptor VEGFR2 may activate calcineurin, triggers NFAT translocation into nucleus, and consequently enhances the expression of NFAT targets, including the 
genes encoding TRESK and RCAN1, an endogenous calcineurin inhibitor. Enhancement of RCAN1 subsequently creates a negative feedback loop that inhibits calcineurin 
activity, thereby attenuating both the nuclear import of NFAT and the transactivation of its targets, including TRESK. The loss of TRESK abundance and, hence, activity in 
DRG neurons may result in neuronal hyperexcitability and peripheral sensitization, indicating a channelmediated mechanism through which VEGF/VEGFR2 signaling 
contributes to bone cancer–induced pain.
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we found that disrupting the calcineurin-NFAT interaction with 
VIVIT also inhibited the VEGF-mediated reduction of TRESK protein 
and mRNA abundance, suggesting that the VEGF-mediated TRESK 
reduction is likely dependent on the calcineurin/NFAT signaling.

In conformity with previous observations showing that VEGF 
plays a role in the pathogenesis of neuropathic pain via VEGFR2 
activation (38–40, 51), we indeed found an increased abundance 
of both VEGF and VEGFR2 protein in cancer rat DRGs. Moreover, 
we found that intrathecal VEGF could decrease the calcineurin and 
TRESK abundance, enhanced DRG neuron excitability, and increased 
pain sensitivity in normal rats, whereas intrathecal VEGF antibody 
or VEGFR2 inhibitor (Ki8751) could reverse the tumor-induced re-
duction of both calcineurin and TRESK abundance, suppressed the 
DRG neuron hyperexcitability, and abrogated the tumor-induced 
pain hypersensitivity in bone metastasis models. These data suggested 
that activation of VEGF/VEGFR2 signaling is essential for the de-
creased calcineurin-mediated TRESK reduction and pain hypersen-
sitivity in bone lesion–bearing rats. Our present data, together with 
previous findings (32–35, 44), suggest that, under cancer conditions, 
the binding of VEGF to VEGFR2 may activate calcineurin (52, 53), 
trigger NFAT translocated into the nucleus, and enhance the endoge-
nous calcineurin inhibitor RCAN1 (DSCR1). Enhancement of RCAN1 
subsequently creates a negative feedback loop to inhibit calcineurin 
activity, thereby attenuating NFAT nuclear import and the transac-
tivation of its targets such as TRESK (33, 36, 37) (Fig. 8).

In conclusion, our data suggested that a reduction of functional 
TRESK channels in DRG neurons contributes to the sensitization of 
nociceptive sensory neurons and cancer pain development through 
enhancing neuronal excitability. Moreover, working as a positive reg-
ulator of TRESK, a decreased calcineurin likely mediates the reduction 
of functional TRESK channels in cancer rat DRG neurons. In addi-
tion, activation of VEGF/VEGFR2 signaling is required for the 
decreased calcineurin-mediated TRESK reduction and pain hyper-
sensitivity in bone lesion–bearing rats. Thus, the decreased calcineurin- 
mediated TRESK reduction in DRG neurons via the activation of 
VEGF/VEGFR2 signaling may result in neuronal hyperexcitability 
and peripheral sensitization, thereby playing a crucial role in the 
pathogenesis of bone metastasis–induced pain.

MATERIALS AND METHODS
Animals
Adult Sprague-Dawley rats, weighing 200 to 220 g at the beginning 
of the experiments, were randomly allocated into groups. All animals 
were housed in separate cages, and the room was kept at 24° ± 1°C 
and 50 to 60% humidity under a 12-hour light/12-hour dark cycle 
with ad libitum access to food and water. All experimental procedures 
were carried out in accordance with the guidelines of the Interna-
tional Association for the Study of Pain (54) and were approved by 
the Animal Care and Use Committee of Peking University.

Reagents
Chemicals including Ki8751 (Selleck Chemicals), 11R-VIVIT (MedChem 
Express), lamotrigine (Sigma-Aldrich), and FK-506 (Sigma-Aldrich) 
were dissolved in dimethyl sulfoxide (DMSO; Sigma) to make a 
stock solution and stored at −20°C. The stock solution was subse-
quently diluted with sterile normal saline to make desired final con-
centrations immediately before administration. The final concentration 
of DMSO was less than 0.5%. Recombinant human calcineurin and 

rat VEGF164 were purchased from Enzo Life Sciences (Farmingdale, 
NY) and R&D Systems (Minneapolis, MN), respectively. DAPI and 
toluidine blue dye were respectively obtained from Solarbio (Beijing, 
China) and Macklin (Shanghai, China). siRNA targeting rat TRESK 
(RSS328832) or calcineurin (53436) was obtained from Invitrogen 
(Carlsbad, CA) and GenePharma (Shanghai, China), respectively. 
Interfering peptide TAT-Ser and its control peptide TAT-Ala were 
synthesized from GL Biochem (Shanghai, China). Neutralizing pep-
tides blocking the TRESK antibody were purchased from Alomone 
Labs (Jerusalem, Israel). Nucl-Cyto-Mem preparation kit was pur-
chased from Applygen Technologies (Beijing, China). All other 
chemicals or reagents were obtained from Sigma-Aldrich except as 
mentioned in the text. Antibodies for all experiments in this study 
are listed in table S1.

Animal model of bone metastasis–associated pain
A rat model of pain induced by tumor metastasis to the bone was 
established by intratibial injection of syngeneic MRMT-1 rat mam-
mary gland carcinoma cells as described in our previous studies 
(55, 56). Briefly, after being anesthetized with 10% chloral hydrate 
[0.3 g/kg, intraperitoneal (ip)], the left tibia of rat was carefully ex-
posed and a 23-gauge needle was inserted in the intramedullary ca-
nal of the bone. It was then removed and replaced with a long, thin 
blunt needle attached to a 10-l Hamilton syringe containing the 
medium to be injected. A volume of 4 l of MRMT-1 tumor cells 
(4 × 104) or vehicle (PBS) was injected into the tibial bone cavity. 
After injection, the site was sealed with bone wax, and the wound 
was finally closed. Any rats exhibiting motor deficiency or lack of 
pain hypersensitivity after tumor cell inoculation, as well as those 
that died during the experiments, were excluded from the study.

Drug administration
TRESK siRNA (2 g) or an equal dose of scramble siRNA in a 10-l 
mixture with in vivo jetPEI transfection reagent (Polyplus-transfection 
SA, Illkirch, France) was intrathecally administered to the normal rats 
once per day and continued for 2 days (see Fig. 3). FK-506 (20 g 
in a 10-l volume) or vehicle was intrathecally administered to the 
normal rats twice per day for two consecutive days (see figs. S8 and 
S10). Recombinant human calcineurin (10 enzyme units/l) or 
saline in a 10-l volume was intrathecally administered to the can-
cer rats on day 14 after tumor cell inoculation, once per day for two 
consecutive days (see Fig. 4). In some experiments, TRESK siRNA 
(2 g in a 10-l volume) or the scramble siRNA was intrathecally 
administered to the bone metastasis model rats on days 14 and 15 
after surgery after calcineurin (10 enzyme units/l × 10 l) applica-
tion (see fig. S12). Calcineurin siRNA (2 g in a 10-l volume) or the 
scramble siRNA was intrathecally delivered to the normal rats, once 
every 2 days, for 7 days (see fig. S13). 11R-VIVIT (100 M × 10 l) 
or vehicle was intrathecally administered to the normal rats once 
per day for seven consecutive days (see fig. S14). In bone metastasis 
model rats, the same dose of 11R-VIVIT was intrathecally adminis-
tered to the animals on day 7 after tumor cell inoculation, once per 
day for seven consecutive days, and on day 6 after VIVIT injection, 
calcineurin (10 enzyme units/l × 10 l) was intrathecally applied to 
the bone lesion–bearing animals once per day for two consecu-
tive days (see Fig. 5). Recombinant rat VEGF164 (25 ng in a 10-l 
volume) or vehicle was intrathecally administered to the normal 
rats twice per day for two consecutive days (see Fig. 6). Anti-VEGF 
antibody (300 ng/10 l, once a day), or immunoglobulin G (IgG) 
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at an equal dose, was intrathecally applied to the cancer rats on day 
14 after tumor cell inoculation (see fig. S16). Ki8751 (100 nM/10 l, 
twice a day) or vehicle was intrathecally delivered to the bone me-
tastasis model rats on day 14 after inoculation of the tumor cells (see 
Fig. 7).

Behavioral tests
All behavioral experiments thereafter were performed in a blinded 
fashion (the tester was blinded to treatment groups). Animals were 
randomly placed into treatment groups with 10 to 14 rats per treat-
ment group per trial in consideration of the excluded ones, and the 
number for statistical analysis did not include the excluded rats.

Spontaneous pain-related behaviors were recorded as described 
elsewhere (57, 58). Flinching and guarding were observed for 10 min 
during a resting state after a 30-min acclimation period. Flinching 
was defined as the lifting and rapid flexing of the ipsilateral hindpaw 
not associated with walking or movement. The number of flinches 
was recorded within the 10-min observation period. Guarding was 
characterized by fully retracting the ipsilateral hindlimb under the 
torso. The time the hindpaw was retracted during the 10-min period 
was recorded. Studies were performed in a blinded manner (the ob-
server was blinded to all treatments).

Mechanical hypersensitivity, as a behavioral sign of bone cancer 
pain, was assessed by measuring 50% PWT as described in our pre-
vious reports (59, 60). The 50% PWT in response to a series of von 
Frey filament (Stoelting, Wood Dale, IL) was determined by the 
up-and-down method (61). Eight von Frey filaments with about equal 
logarithmic incremental (0.224) bending forces were chosen (0.41g, 
0.70g, 1.20g, 2.00g, 3.63g, 5.50g, 8.50g, and 15.10g). The 50% PWT 
was calculated using the following formula: 50% PWT (g) = 10[Xf+], 
where Xf is the value of the final von Frey filament used (in log units),  
is a value measured from the pattern of positive/negative response, 
and  = 0.224, which is the average interval (in log units) be-
tween the von Frey filaments (62). If an animal did not respond to 
the highest von Frey filament, then the value was recorded as 15.10 g. 
In rats, the mechanical hypersensitivity is assessed by measuring 
the 50% PWT to von Frey filaments, and an allodynic rat is de-
fined as that whose 50% PWT is less than 4.0 g (i.e., withdrawal in 
response to non-noxious tactile stimulus) (63).

Thermal hyperalgesia of the hindpaws was tested as described in 
our previous studies (3, 64). Rats were allowed to acclimate for a 
minimum of 30 min before testing. Their PWL in response to radi-
ant heat stimulation was measured. A maximal cutoff time of 30 s 
was used to prevent unnecessary tissue damage. The PWL was re-
corded and averaged over three trials at 5-min intervals.

Locomotor function was assessed with the inclined plate test, ac-
cording to the method reported by Rivlin and Tator (65). Briefly, 
animals were placed crosswise to the long axis of an inclined plate. 
The initial angle of the inclined plate was 50°. The angle was then 
adjusted in 5° increments. The maximum angle of the plate on which 
the rat maintained its body position for 5 s without falling was 
determined. In this study, the inclined plate test was performed 
for all behavioral experiments in which the animals received in-
trathecal drugs.

Intrathecal catheterization
Intrathecal catheterization is a reliable approach for the delivery of 
drugs or vectors into the DRG of rats (66, 67), and chronic lumbar 
catheterization of the spinal subarachnoid space in rodents offers 

several advantages for intrathecal delivery of drugs upon repeated 
administration (68–70). Therefore, intrathecal catheterization is well 
suited for long-term behavioral and pharmacological studies. Under 
chloral hydrate (0.3 g/kg, ip) anesthesia, implantation of an intra-
thecal catheter was performed as described in previous studies 
(71, 72). Briefly, a PE-10 polyethylene catheter was implanted be-
tween the L5 and L6 vertebrae to reach the lumbar enlargement of 
the spinal cord. The correct intrathecal localization was confirmed by 
a tail flick or a paw retraction, by easy insertion of a catheter through 
the cannula, and occasionally by backflow of spinal fluid. The outer 
part of the catheter was plugged and fixed onto the skin upon closure 
of the wound. All surgical procedures were performed under sterile 
conditions. Rats showing neurological deficits after the catheter im-
plantation were euthanized. In some experiments for intrathecal 
delivery of either lentivirus or drugs to cancer rats, the surgery for 
catheter placement was performed after tumor cell inoculation under 
the same anesthesia to avoid the animal being subjected to additional 
anesthesia. After recovery for 5 to 7 days, drugs or vectors were in-
trathecally injected via the implanted catheter in a 10-l volume of 
solution (for lentivirus injection, 25 l) followed by 10 l of vehicle 
for flushing. Each injection lasted for at least 5 min. After an injec-
tion, the needle remained in situ for 2 min before being withdrawn.

After the experiments, a toluidine blue dye injection test was 
performed to verify the access of intrathecal injection to the DRG 
except for intrathecal delivery of lentivirus to the DRG, in which the 
expression of green fluorescent protein (GFP) in the DRG was as-
sessed by immunofluorescence staining with anti-GFP and anti- 
TRESK. For the dye injection test, a 10-l toluidine blue dye was 
intrathecally injected to rats, and the access of dye into DRG was 
validated at the end of the experiments (see fig. S4C).

Plasmid construction and lentivirus infection
The rTRESK-pcDNA3.1 plasmid was provided by X. Gasull (Uni-
versity of Barcelona, Barcelona, Spain). Construction and produc-
tion of recombinant lentivirus expressing TRESK linked with ZsGreen 
(LV-TRESK) were completed by BioWit Technologies (Shenzhen, 
China) using pLVX-mCMV-ZsGreen vector, which contains GFP 
ZsGreen. Validation of the transfection efficiency and the cellular 
specificity of lentivirus infection was performed on primary cul-
tured DRG neurons. Cultured DRG neurons on day 3 in vitro were 
exposed to virus for 48 hours at a multiplicity of infection (MOI). 
About 48 hours after viral infection, a transfection efficiency of lenti-
virus was routinely achieved as observed under fluorescence micros-
copy, and immunofluorescence staining with NeuN and ZsGreen was 
carried out to determine the cellular specificity of lentivirus infec-
tion (see fig. S4). For the in vivo studies, lentivirus, including LV-
TRESK and its control LV-ZsGreen, was intrathecally administered 
to rats at a final titer of 4 × 108 transducing units/ml (in a 25-l 
volume of solution), respectively. The lentivirus was intrathecally 
delivered to animals on day 7 after inoculation of PBS or tumor cells 
based on our previous findings (see Fig. 2) (3, 73).

Primary culture and acute dissociation of DRG neurons
Primary cultures of DRG neurons were performed according to a 
method described previously (74). Briefly, rats (2 weeks old) were 
euthanized with ether, and DRGs were dissected from the lumbar 
spinal segments. The ganglia were digested with collagenase type IA 
(3 mg/ml; Sigma) for 45 min and 0.25% trypsin (type II-S, Sigma- 
Aldrich) for another 12 min at 37°C. After terminating the enzymatic 
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treatment by Dulbecco’s modified Eagle’s medium plus 10% fetal 
bovine serum, ganglia were dissociated with a polished Pasteur 
pipette, and the suspension of ganglia was sieved through a filter to 
remove debris and centrifuged at 800 rpm for 2 min. The resuspended 
cells were plated on 35-mm dishes coated with poly-d-lysine (0.5 mg/ml; 
Sigma-Aldrich), kept for 3 hours, and replaced with neurobasal growth 
medium containing B27 supplement, 0.5 mM l-glutamax (Sigma- 
Aldrich), penicillin (100 U/ml), and streptomycin (100 mg/ml). The 
cells were kept at 37°C in an incubator with 5% CO2 and 95% air for 
3 days before further treatment. Cultures were fed daily with neuro-
basal growth medium containing B27 supplement.

Acute dissociation of DRG neurons was performed as described 
in our previous reports (55, 73). Briefly, neurons were isolated from 
the L4 and L5 DRGs of adult rats and were digested using the same 
procedure as described for primary cell culture above. The dissociated cells 
were used for patch-clamp recording within 3 to 8 hours of plating.

Immunofluorescence staining
To prepare DRG tissue samples for immunofluorescence analysis, 
deeply anesthetized rats were intracardially perfused with 50 ml of 
0.1 M phosphate buffer (PB), followed by 500 ml of cold 4% para-
formaldehyde [in 0.1 M PB (pH 7.4)]. After perfusion, the ipsilateral 
L4/5 DRG tissues were removed quickly, postfixed for 4 hours in the 
perfusion fixative, and cryoprotected in 30% sucrose (in 0.1 M PBS) 
overnight at 4°C. Serial frozen DRG sections (10 m thick) were cut 
on a cryostat and thaw mounted on gelatin-coated slides for immuno-
staining processing. To prepare cultured HEK293 cells or cultured 
DRG neurons that were transfected with LV-TRESK (or LV-ZsGreen) or 
exposed to FK-506, the cells were rinsed for 5 min with PBS and fixed 
for 10 min with 4% paraformaldehyde in PBS at room temperature.

For immunostaining, the tissues or cultured cells were washed 
three times in PBS for 5 min each and blocked in 10% goat serum 
(in 0.1 M PBS) with 0.3% Triton X-100 for 1 hour at room temperature. 
Then, tissues or cultured cells were incubated with the respective 
primary antibody (see table S1) in PBS at 4°C overnight, which in-
cludes rabbit anti-rat TRESK (1:200), rabbit anti-mouse NeuN (1:200), 
mouse anti-pig glial fibrillary acidic protein (GFAP) (1:200), mouse 
anti-pig NF200 (1:200), mouse anti-rat calcitonin gene-related pep-
tide (CGRP) (1:200), and rabbit anti-rat NFATc4 (1:300). For IB4 
immunostaining, after three washes in PBS, the tissues were incu-
bated with fluorescein isothiocyanate (FITC)–conjugated Bandeiraea 
simplicifolia isolectin B4 (IB4) (10 g/ml) for 3 hours. Then, after 
three washes in PBS, tissues or cultured cells were incubated with the 
following appropriate secondary antibodies at room temperature 
for 1 hour: tetramethyl rhodamine isothiocyanate (TRITC)–labeled 
goat anti-rabbit IgG (1:200), fluorescein-5-isothiocyanate (FITC)– 
labeled goat anti-rabbit IgG (1:200), FITC-labeled goat anti-mouse 
IgG (1:200), or Alexa Fluor 647 goat anti-mouse IgG (1:200). In some 
experiments, the tissues or cultured cells were counterstained with 
the nuclear marker DAPI (100 ng/ml) carrying blue fluorescence for 
10 min at room temperature. The tissues were mounted in Gel-Mount 
medium. Visualization of fluorescence signal was performed by con-
focal microscopy at excitation wavelengths of 488 nm (green), 543 nm 
(red), and 405 and 647 nm (blue). At least four fields per well or 
per section were analyzed to establish reproducibility.

Nuclear extraction
Cultured DRG neurons were lysed by homogenization with a Nucl- 
Cyto-Mem preparation kit (Applygen Technologies) according to the 

manufacturer’s instructions with some modifications as previously 
described (75, 76). The nuclear pellet was homogenized in ice-cold 
lysis buffer containing 50 mM tris (pH 8.0), 150 mM NaCl, 1% NP-40 
(Sigma- Aldrich), 0.5% sodium deoxycholate (Sigma-Aldrich), 0.1% 
SDS, and protease inhibitor cocktail (Roche, Indianapolis, IN). The 
concentration of protein was measured with a bicinchoninic acid 
assay kit (Pierce, Rockford, IL), and the samples were subjected to 
SDS–polyacrylamide gel electrophoresis (PAGE).

Immunoprecipitation and Western blotting
Cultured DRG neurons or the dissected rat L4/5 DRGs were im-
mediately homogenized in ice-cold lysis buffer containing 50 mM 
tris (pH 8.0), 150 mM NaCl, 1% NP-40 (Sigma-Aldrich), 0.5% 
sodium deoxycholate (Sigma-Aldrich), 0.1% SDS, 1% protease 
inhibitor cocktail, and 1% protein phosphatase inhibitor cocktails 
(Roche, Indianapolis, IN). After being rotated at 4°C for 1 hour, the 
homogenates were centrifuged at 12,000 rpm for 10 min to yield the 
total protein extract in the supernatant, and the supernatant was 
analyzed.

For immunoprecipitation, the sample containing 600 g of pro-
tein was incubated with the anti-TRESK primary antibody (1:1000) 
at 4°C and gently shaken overnight. The immune complexes were 
collected with 30 l of protein A/G agarose beads for 4 hours at 
4°C. Immunoprecipitates were centrifuged at 3000 rpm for 5 min, 
and then the beads were washed six times and mixed with 800 l of 
lysis buffer and centrifuged at 3000 rpm for 3 min. Sample loading 
buffer (2×) was mixed with the beads and boiled for 5 min to elute 
the precipitated TRESK protein. These samples, almost all of which 
were the precipitated TRESK protein, were subjected to SDS-PAGE 
and transferred onto a polyvinylidene difluoride filter (PVDF) mem-
brane (Bio-Rad, Hercules, CA). The blotting analysis was performed 
by repeated stripping and successive probing with the following 
antibodies: anti-phosphoserine (1:300) and anti-TRESK (1:1000).

For Western blotting, the sample containing 60 g of protein was 
denatured and then separated through SDS-PAGE using 10 to 12% 
separating gels and transferred to a PVDF membrane (Bio-Rad, 
Hercules, CA). The membranes were blocked with 5% nonfat milk 
in TBST [20 mM tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% 
Tween 20] for 60 min at room temperature and then incubated 
with the following primary antibodies at 4°C overnight: anti-TRESK 
(1:1000), anti- calcineurin (1:1000), anti-VEGF (1:1000), anti-VEGFR2 
(1:200), anti- phosphoserine (1:300), anti-NFATc4 (1:300), anti–
acetyl- histone H3 (1:300), and anti– -actin (1:2000). The blots were 
washed in TBST and then were incubated in horseradish peroxidase– 
conjugated sec ondary antibody (1:2000, goat anti-rabbit/mouse or 
rabbit anti-goat IgG). Protein bands were visualized using an en-
hanced chemiluminescence detection kit (Pierce) followed by auto-
radiography using Hyperfilm MP (Santa Cruz Biotechnology). The 
band was quantified with a computer-assisted imaging analysis sys-
tem (ImageJ, NIH).

Detection of phosphorylated TRESK abundance was carried out 
by using co-immunoprecipitation (co-IP) combined with Western blot: 
Because no commercial antibody against phosphorylated TRESK at 
specific serine residue is available, we therefore performed co-IP  
combined with Western blot to detect the phosphorylated TRESK 
abundance at the gross serine residues (pTRESKser). The detailed 
protocol was carried out according to the methods as previously 
described (77, 78). First, we obtained the total protein from cultured 
DRG neurons or the dissected rat L4/5 DRGs and performed co-IP 
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by incubating the anti-TRESK antibody with the total protein. This 
step aimed to precipitate the TRESK protein from the total protein. 
Second, we used the A/G agarose beads to pull down the TRESK 
protein. After the beads were boiled, we obtained the protein samples, 
almost all of which were the precipitated TRESK protein. Last, we 
performed Western blot analysis by incubating the anti-phosphoserine 
antibody with the precipitated TRESK protein. Therefore, the bands 
we obtained from the Western blot could be considered as the phos-
phorylated TRESK abundance at the gross serine residues (pTRESKser).

Neutralizing peptide blocking experiment
The specificity validation of anti-TRESK was carried out via a neu-
tralizing peptide blocking experiment using a specific blocking pep-
tide targeting anti-TRESK antibody. Briefly, before proceeding with 
the immunoblot protocol, the antibody was neutralized by coincuba-
tion with a specific blocking peptide that corresponds to the epitope 
recognized by the antibody. The antibody that was bound to the 
blocking peptide was no longer available to bind to the epitope present 
in the protein. The neutralized antibody was then used side by side 
with the antibody alone, and the immunoblot from the blocked anti-
body was compared with that from the antibody alone. The specific 
immunoblot signal was blocked by preincubation with a specific 
blocking peptide but not by a control peptide IgG. The specificity 
of the anti-TRESK antibody was determined by specific inhibition 
of TRESK immunoblot after coincubation with a specific blocking 
peptide targeting the TRESK antibody.

RNA extraction and RT-qPCR
Total RNA was extracted from the rat L4/L5 DRGs with TRIzol re-
agent (Life Technologies). Reverse transcription was performed with 
oligo deoxythymidine (oligo-dT) primers and Moloney murine leu-
kemia virus reverse transcriptase (Promega) according to the man-
ufacturer’s protocol. PCR primer sequences are listed in table S2. 
RT-qPCR was performed with GoTaq qPCR Master Mix (Promega) 
and an ABI 7500 Fast Real-Time PCR Detection System (Applied 
Biosystems). Briefly, a 20-l PCR reaction that included 1 l of com-
plementary DNA, 10 l of GoTaq qPCR Master Mix, and 0.2 M of 
each primer was used and adjusted to the final volume with double 
distilled H2O (ddH2O). -Actin in parallel for each run was used as 
an internal control. The reactions were set up on the basis of the 
manufacturer’s protocol. PCR conditions were incubation at 95°C 
for 3 min followed by 40 cycles of thermal cycling (10 s at 95°C, 20 s 
at 58°C, and 10 s at 72°C). The relative expression ratio of mRNA 
was quantified via the 2−(Ct) method.

Construction of interfering peptide
To determine whether the action of calcineurin is mediated via in-
tracellular dephosphorylation of TRESK channel, we constructed a 
specific interfering peptide TAT-Ser (sequence: RKKRRQRRR- 
{pSercN{pSer}CPELVLGRL{pSer}C{pSer}IL{pSer}NLDE), which is 
composed of 22 amino acids of the TRESK regulatory sites includ-
ing the calcineurin-mediated dephosphorylation sites, serine 252, 
serine 262, serine 264, and serine 267, thereby disrupting endogenous 
phosphorylation/dephosphorylation of TRESK. The control peptide 
TAT-Ala (sequence: RKKRRQRRR-ANACPELVLGRLACAILANLDE) 
was designed with alanine to replace serine 252, serine 262, serine 
264, and serine 267. Cultured DRG neurons on day 3 in vitro were 
exposed to TAT peptide (10 g in a 2-l volume) for 12 hours before 
application of calcineurin and then exposed to the same dose of 

TAT peptide associated with recombinant calcineurin (10 enzyme 
units/l) for another 24 hours.

Alteration of TRESK abundance in the DRG was assayed by 
Western blotting. Whole-cell patch-clamp recording was performed 
on drug-treated DRG neurons to examine alterations of TRESK 
currents and DRG neuron excitability (see fig. S9).

siRNA preparation and screening
Targeted siRNAs were applied to knock down the abundance of 
TRESK and calcineurin. Briefly, siRNAs (three each) targeting rat 
TRESK or calcineurin mRNA were designed and synthesized by In-
vitrogen and GenePharma, respectively. Sequences are listed in table 
S3. Knockdown efficiency was determined by RT-qPCR and Western 
blotting. The preliminary experiments showed that intrathecal injec-
tion of TRESK siRNA3 (2 g in a 10-l volume) or calcineurin siRNA1 
(2 g in a 10-l volume) could significantly inhibit the abundance of 
their respective protein in the DRG. Hence, the synthesized TRESK 
siRNA3 and calcineurin siRNA1 were chosen for the present study.

Electrophysiology
Whole-cell patch-clamp recordings were performed on acutely dis-
sociated or primary cultured DRG neurons at room temperature using 
an EPC-10 amplifier with Patch-Master software (HEKA, Freiburg, 
Germany). The recording pipette had a resistance of 4 to 8 megohms 
when filled with an internal solution containing 140 mM KCl, 1 mM 
EGTA (ethylene glycol tetraacetic acid), 5 mM Hepes, 2 mM MgCl2, 
and 1 mM Na2ATP, adjusted to pH 7.3 with KOH. The external solu-
tion contained 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM 
MgCl2, 10 mM glucose, and 5 mM Hepes, adjusted to pH 7.4 with 
NaOH. Drugs were prepared in the external solution and delivered 
by an RSC-200 rapid solution changer system (Bio-Logic Science 
Instruments, Grenoble, France). Membrane currents and APs were 
measured with both pipette and membrane capacitance cancellation, 
filtered at 2 kHz, and digitized at 10 kHz. RMP was measured im-
mediately after rupture of the cell membrane in whole-cell patch mode. 
In this study, IB4-labeled, small-sized DRG neurons were performed 
by electrophysiological studying. In some experiments, the IB4−, small 
DRG neurons were also studied. The FITC-labeled lectin IB4 was 
used as a live cell marker to identify nociceptive neurons (79). Somata 
of small-sized DRG neurons were defined by their diameters (≤30 m) 
and membrane capacitance (Cm) (≤28.3 pF) as described in previ-
ous studies (56, 80).

Under current-clamp recording, the cells were held at 0 pA, and 
the firing threshold of DRG neurons was first measured by a series 
of 100-ms depolarizing current injection in 5-pA steps from 0 pA to 
elicit the first AP. To further examine the firing properties of neurons, 
a large depolarizing current (500 ms, 2.5-fold AP threshold) was 
delivered to elicit the cell generating sufficient firing. In this study, 
we measured RMP, rheobase (the current threshold for eliciting an 
AP), and frequency of AP to evaluate the intrinsic electrophysiological 
properties of cells.

Under voltage-clamp recording, cells were clamped at −70 mV, 
and series resistance was compensated from 75 to 90%. The membrane 
capacitance was read from the amplifier by Patch-Master software 
(HEKA) to determine the size of cells and to calculate the current 
density. In this study, two protocols were used to elicit and measure 
TRESK currents. First, a ramp voltage protocol from −120 to +60 mV 
was applied to elicit total background currents (IKBG), which include 
TRESK current, and the current amplitude was measured at +60 mV 
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(5, 7). Then, a step voltage protocol was designed to minimize acti-
vation of voltage-gated transient K+ currents (5) and to inactivate 
both the fast tetrodotoxin-resistant Na+ currents and high-voltage–
activated Ca2+ currents, which has been shown to be able to elicit a 
standing outward current (IKSO), the majority of TRESK- containing 
IKSO (8, 9, 81). Initially, the membrane potential was depolarized 
from a holding potential of −70 to −25 mV for 500 ms and subse-
quently hyperpolarized to −135 mV within 1 s. Current amplitude 
was measured after 500 ms at the end of the depolarizing step (−25 mV) 
(5, 7–9). One of the TRESK inhibitors, lamotrigine (100 M), was 
applied to dissect current through TRESK channels as described in 
previous studies (7–9, 42). It has been shown that this dose of 
lamotrigine inhibits TRESK currents by 50% (7, 42). In addition, 
the specificity of lamotrigine has also been validated systematically 
in previous studies (42, 82). Sipatrigine, a derivative of lamotrigine, 
markedly inhibited human TREK-1, whereas lamotrigine weakly in-
hibited it (82). In COS-7 cells expressing TREK-2 or TRESK, fluoxetine 
(an antidepressant) inhibited both TRESK and TREK-2, while lam-
otrigine inhibited only TRESK, indicating that lamotrigine specifically 
acts on TRESK (42). The mechanism by which lamotrigine induced 
TRESK inhibition is proposed to be regulated by blockade of calci-
um influx and glutamate release (42, 83). Origin software 8.5 (OriginLab 
Corporation, Northampton, MA) was used for data analysis.

Statistical analysis
All data were expressed as means ± SEM. One-way ANOVA followed 
by Tukey’s multiple comparison test or two-way ANOVA followed 
by Bonferroni post hoc test was used for multiple comparison. Two- 
tailed unpaired Student’s t test was used for the comparison of the 
mean values between two groups. All data were subjected to a nor-
mal distribution test, and only the data with a normal distribution 
were subjected to t test or ANOVA. The correlation between TRESK 
protein abundance and spontaneous pain behaviors (flinching 
and guarding) after tumor cell inoculation was analyzed. Differences 
with P < 0.05  were considered statistically significant. Statistical anal-
yses were performed with GraphPad Prism 7 for Windows (GraphPad 
Software, La Jolla, CA).
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